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Abstract: A Thyristor controlled series capacitor (TCSC) 
device is one among the flexible AC transmission system 
(FACTS) devices which is capable of controlling the line 
impedance with introduction of a thyristor controlled 
reactor(TCR) in parallel with fixed capacitor . The TCSC 
device provides inductive and capacitive reactance 
compensation to make changes in the power flow of the 
transmission line. In tuning the TCSC, a difficulty is 
observed i.e., for small change in firing angle there is 
large change in reactance offered by TCSC near 
resonance  region which makes inconvenience at load 
end for compensating small change in dynamic 
demand.   

This paper presents fine-tuning of line 
reactance by using split TCSC over single TCSC. The 
Newton-Raphson method of power flow analysis 
(NRPFA) is used to analyze the fine-tuning of line 
reactance for compensation of small change in the 
power demand. Comparison of percentage change in 
reactance offered at various firing angles. Comparison 
of real power flow and power loss variations among 
split TCSC and single TCSC are carried out on standard 
IEEE 30-bus system and IEEE 14-bus system. In addition, 
Available Transfer Capacity (ATC) is also observed for 
the power system using the Continuation Power Flow 
(CPF) for base case and after the placement of the TCSC. 
The IEEE 14 bus system and IEEE 30 bus system are 
taken as a case study power systems. 

 

Keywords:  Split TCSC, Single TCSC, Newton 
Raphson power flow analysis, Available Transfer 
Capability. 
 
1. INTRODUCTION 
 
 In developing countries, there is unpredictable increase in 
power demand commercially and industrially; there by 
providing quality and procure power to the consumers 
become a difficult task. Due to this increase in power 
demand, power transmission system has to maintain 
reliability and security during transmission of power. The 
rise in demand can be met by construction of additional 
transmission lines to provide more power. But 
construction of new transmission lines in addition is not a 
economical thing due to cost included in erecting towers, 
insulators and conductors. Using fixed capacitors which 
provide fixed series compensation is a economic technique 
compared to construction of additional transmission lines 
which was first used in USA. With the advent of power 
electronics smooth variation of compensation came in to 
existence instead of fixed series compensation. 

Among Flexible AC Transmission system (FACTS) devices, 
the Thyristor Controlled Series Capacitor (TCSC) device 
reduces the transmission line reactance. The reduced 
value of transmission line reactance enhances the active 
power flow in the transmission line and may be loaded up 
to thermal limits without incurring more loss in the line. 
These features of TCSC device enhance the transmission 
system to transfer the desired power at right line [3–7]. 
Many TCSC projects are installed worldwide and are 
operational [8]. The Slatt TCSC project is unique in the 
sense that has Six TCSC modules connected in series. 
Application of multiple TCSC [9,10] has given the idea of 
splitting the degree of compensation(k) which has benefits 
of power flow improvement  and thus application of split 
TCSC is used in the transmission line over single TCSC. 
Mohan Mathur and Varma [4] presented that the 
reactance vs current (X–I) capability curves for multi 
modules of TCSC reveals feasible combination of tuning 
multi TCSC providing  microtuning of net reactance in the 
line. from the single TCSC reactance characteristic curve It 
is observed that small change in reactance  with 

increase in firing angle  of TCSC thyristors but near 

resonance region each step of a firing angle makes a huge 
elapse of reactance. Hence proper  tuning of reactance is 
not possible. 

The paper organized as follows: The operation of single 
TCSC and split TCSC device are schematically and 
mathematically explained in Sections 2 and 3. The 
mathematical modeling of Newton Raphson method 
Power flow analysis (NRPFA) with single TCSC and split 
TCSC are discussed in Section 4. Section 5 optimally 
chooses the place for TCSC with loss sensitivity index 
analysis. Calculation of ATC for TCSC is discussed in 
section 6. Results and analysis is discussed in section 7. 
Conclusion is discussed in section 8 

 

2. OPERATION OF SINGLE TCSC AND SPLIT TCSC 

2.1. Single TCSC 

The schematic diagram of TCSC device is shown in Fig 1.by 
which basic operation of TCSC device can be explained. 
TCSC device consists of series capacitor and thyristor 
controlled reactor connected in parallel and TCR is 
controlled by firing angle [3,4].  
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Fig-1: Thyristor Controlled Series Capacitor (TCSC) 

Fig. 2 shows the reactance characteristics curve of a TCSC 
device drawn between effective reactance of TCSC and 
firing angle . The effective reactance ‘ ( )’ of TCSC 

operates in three region: inductive region, capacitive 
region and resonance region. Inductive region starts 
increasing from inductive reactance ||  value to 

infinity (parallel resonance condition, ‘ ( )= ’), and 

decreasing from infinity to capacitive reactance XC for 
capacitive region. Between the two regions, resonance 
occurs [3,4]. 

 

Fig-2: Reactance characteristics curve of a TCSC 

The reactance characteristics of TCSC shows, operation in 
both capacitive and inductive regions through variation of 
firing angle  as shown below: 

 

 

 

 

 

 

 

 

 

 

While tuning the TCSC device in critical region a large 
change in reactance  is observed in the reactance 

characteristic curve as shown in Fig. 2. Due to large change 
in reactance, flexibility in power flow becomes rigid. 
Therefore, it is inconvenient to tune between those 
reactances and difficult to compensate for any fine change 
in dynamic demands on load side. 

 

2.2. Split TCSC 
 
To avoid above difficulty and to utilize the full range of 
reactance, use of split TCSC device for the same amount of 
compensation (k) is proposed. Fig. 3 shows a split TCSC in 
place of single TCSC for same compensation. The degree of 
compensation k of single TCSC can be splitted in to two:  

and  and values are chosen depending on the 

requirement of power compensation power oscillations in 
the line. The deployment of more than two TCSC in the line 
adds to complexity in control. By implementing fine-
tuning on both the TCSC’s, the split TCSC can maintain 
precise control on power flow over the line and even the 
small increment/decrement of demand can be 
conveniently met. The TCSC has four normal modes of 
operation such as blocking mode, bypass mode, vernier 
inductive mode and vernier capacitive mode [4]. 
Additionally one more mode is possible which is known as 
cutoff mode. By making any one TCSC in cutoff mode, 
other can be tuned [12]. 

 

                  Fig-3: Split TCSC in a transmission line
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3. MATHEMATICAL MODELING OF TCSC  

 3.1. Modeling of single TCSC 

A TCSC is a series type FACTS device; inserted for line 
reactance compensation in the transmission line 
between ‘i’ and ‘k’ as shown in Fig. 4.  

 

 

Fig-4: Transmission line with split TCSC 

TCSC can operate either in inductive mode or in 
capacitive mode. (+) Sign is for inductive reactance and 
(_) sign for capacitive reactance. So the net reactance of 
the transmission line becomes [4,13] 

                                             (1) 

Where  is the firing angle of TCSC varies from to 

. 

Effective TCSC reactance XTCSC with respect to firing 
angle (a) can be given as: 

         (2) 

where 

                                                                         

                                                             

                                                                              

3.2. Modeling of split TCSC 

Fig. 5 shows the split TCSC is connected in the 
transmission line between the buses i and k. The split 
TCSC is a combination of  

 

Fig-5: Transmission line with split TCSC 

two single TCSC; but splitted in terms of ratio of degree 
of series compensation (k = k1 + k2). The degree of series 
compensations k1 and k2 are appropriately chosen to get 
wide and fine reactance compensation in the network. 
Both the TCSC’s are efficiently tuned and fine tuning of 
line reactance are achieved. Thus, the net line reactance 
becomes, 

                             (3) 

where  and  are firing angles of split TCSC, each can 

be tuned separately between 90o to 180o. 

Considering ‘n’ number of possible firing steps 
between 90o to 180o, [n × n] firing points are possible for 
split TCSC.  

Apart from tuning, each TCSC can operate alone in cutoff 
mode. So that [(n + 1) × (n + 1)]  reactances are possible 
for compensation. 

                                 (4) 

                 (5) 

where Xse(N1,N2) = [XTCSC1(N1) ± XTCSC1(N2)], both N1 and N2 
varies from 1 to n. 

Hence, fine tuning of reactance is possible by splitting 
the TCSC device. 

4. MATHEMATICAL MODELING OF NRPFA 
METHOD 

4.1. Modeling of NRPFA with single TCSC: 

Newton Raphson method power flow analysis 
(NRPFA) is used to analyze regarding the fine control of 
line reactance in transmission line. The analysis is 
implemented for lumped   equivalent model of 

transmission line with single TCSC device as shown in 
Fig.6. 

 

Fig-6: Equivalent model of transmission line with single 
TCSC 

The transmission line has its own equivalent resistance, 
reactance and shunt susceptance of Rik, Xik and Bsh. A 
static model of TCSC device is connected between the 
buses i and k. So the line reactance Xik can be varied by 
capacitive or inductive mode operation of TCSC. The 
TCSC’s capacitive mode of operation decreases the line 
reactance whereas inductive mode of operation 
increases line reactance. Thus the variation in reactance 
manages the real and reactive power flows in the 
transmission line [16]. Between the buses i and k change 

in the line admittance ( ) is 

                  (6) 

where 
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After placement of TCSC device in the transmission line, 
net admittance or Ybus’ becomes, 

  

Hence the updated  can be directly used in Newton 

Raphson method power flow analysis for calculation of 
power distributions in the network. For every location of 
TCSC device between the buses i and k, the change in 
admittance ( ) is placed at corresponding self and 

mutual admittance shells of  matrix as in [12]. 

Power flow in the transmission lines with TCSC are, 

                                                                       (7) 

The real and reactive power flows between the buses i 
and k are 

              

                                

 (8) 

and 

                                                               (9) 

                                                              (10) 

Therefore power losses are, 

 

 
                                                                                                  (11) 

                                                         (12) 

Real and reactive powers injected by TCSC are 

  

                                          (13) 

and 

 

                                          (14) 

 

4.2. Modeling of NRPFA with split TCSC: 

Fig.7 shows the transmission line with split TCSC in 
lumped   equivalent model. With split TCSC between 

the buses i and k change in the line admittance  is 

       (15) 

where 

 

 

 

 

 

Fig-7: Equivalent model of transmission line with split 
TCSC 

After placing split TCSC in the transmission line, net 
admittance or  becomes 

 

5. LOSS SENSITIVITY ANALYSIS 

The TCSC devices are optimally injected in the 
transmission line for distributing the powers in the 
network [17–21]. Abdel-Mooamen [17] presented a 
paper on optimal power flow incorporates single/multi 
TCSC devices using spare Newton’s algorithms. 
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Its main aim is to minimize transmission line losses. 
Mahdad et al. [18] and Biansoongnern et al. [19] applied 
system load ability and loss minimization method to 
optimally select the placement of TCSC. The reactive 
powers are optimally dispatched by using FACTS devices 
which are selected based on loss sensitivity method. 

The sensitivity method uses line reactance Xik of the 
transmission line as a control variable for placing the 
TCSC device. Thus, the real and reactive power loss of 
sensitivity method with respect to the control variable 
Xik can be given as, 

 

and 

 

The real and reactive power loss on each line can be 
formulated as 

 
                                                                                                     (16) 

 
                                        (17) 

The loss sensitivity indices aik and bik can be derived 
from eqn. (16) and eqn. (17)  as 

 
                                                                                                      (18) 

 
                                                                                                     (19) 

      

The criteria for optimal placement of FACTS device are 
on the most sensitive line. The TCSC should be keep in a 
line having the most positive loss sensitivity index. Also 
TCSC should not be injected between two generator 
buses, even though the line sensitivity is large [16, 17]. 

Loss sensitivity indices are calculated on 
standard power systems and among the systems most 
sensitive line is identified. The optimal location for 
placing TCSC device is at transmission line which is 
mentioned on above test systems. The single TCSC and 
split TCSC device are alternatively placed in this 
transmission line and power flows in the transmission 
line are analyzed from 90o to 180o of firing angle. 

6. ATC CALCULATION OF TRANSMISSION 

NETWORK 

Available Transfer Capability (ATC) is a measure of the 

transfer capability remaining in the physical 

transmission network for further commercial activity 

over and above already committed uses. Mathematically, 

ATC is defined as the Total Transfer Capability (TTC) less 

the Transmission Reliability Margin (TRM), less the sum 

of existing transmission  

 

                          Fig-8: Basic Definition of ATC 

commitments (which includes retail customer service) 

and the Capacity Benefit Margin (CBM), shown in Fig.8 

[24]. Total Transfer Capability (TTC) is defined as the 

amount of electric power that can be transferred over 

the interconnected transmission network in a reliable 

manner while meeting all of a specific set of defined pre- 

and post-contingency system conditions. 

Mathematically, ATC is defined as [24]: 

ATC= TTC-TRM-{ETC+CBM} 

There are so many methods to compute ATC. In ref. [25], 

the topological information of a system is stored in a 

matrix form and constants for different simultaneous 

cases and critical contingencies have been calculated 

beforehand and used for determination of ATC values. 

For very large systems, the method may be quite 

cumbersome.  In ref. [25], the localized linearity of the 

system is assumed and additional loading required to hit 

the different transfer limits are separately calculated and 

the minimum of all these is taken as the ATC. The ATC is 

calculated by the following methods. 

1. Method based on Continuation Power Flow. 

2. Method based on distribution factors. 

6.1 Method based on Continuation Power Flow (CPF) 

From the solved base case, power flow solutions are 

sought for increasing amounts of transfer in the specified 

direction [26]. The quantity of the transfer is a scalar 

parameter, which can be varied in the model. The 

amount of transfer is gradually increased from the base 

case until a binding limit is encountered. This 

continuation process requires a series of power system 

solutions to be solved and tested for limits. The transfer 

capability is the change in the amount of transfer from 

the base case transfer at the limiting point. Continuation 

can be simply done as a series of load flow calculations 
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for increasing amounts of transfers. However, when 

convergence could be poor, such as the case for transfers 

approaching voltage instability, methods that allow the 

transfer parameter to become a dependent variable of 

the model are the most successful.  Continuation Power 

Flow (CPF) is a method for finding the maximum value of 

a scalar parameter in a linear function of changes in 

injections at a set of buses in a power flow problem [25]. 

Originally introduced for determining maximum load 

ability, CPF is adaptable, without change in principle, for 

other applications, including ATC. The CPF algorithm 

effectively increases the controlling parameter in 

discrete steps and solves the resulting power flow 

problem at each step. The procedure is continued until a 

given condition or physical limit preventing further 

increase is reached. Because of solution difficulty and the 

need for the jacobian matrix at each step, the Newton 

power flow algorithm is used. CPF yields solution even at 

voltage collapse points. A continuation power flow is 

performed by starting from an initial point and then 

increasing the load by a factor until some system limit is 

reached. The loads are defined as: 

PLi = λPLoi 

QLi = λQLoi 

Where  

PLoi, QLoi, are the active and reactive power respectively 

of bus i in the base case;  

PLi, QLi are the active and reactive power of bus i 

increased by parameter λ.  

For a specific source/sink transfer case calculation of the 

ATC may be summarized as the maximum transfer 

power without causing a limit violation over the base 

case.  

7. RESULTS AND ANALYSIS 

7.1. Optimal placement of TCSC 

Loss sensitivity indices are calculated on IEEE 14 bus 

system and the most sensitive line among the system is 

identified using the method discussed in section 5. The 

optimal location for installing TCSC device is at 

transmission lines 19 on above mentioned test system. 

The single TCSC and split TCSC device are alternatively 

placed in these transmission lines and power flows in 

the transmission lines are examined from 90o to 180o of 

firing angle. 

7.2 Design of single TCSC and split TCSC 

For the single TCSC design, the degree of compensation 
‘k’ and ‘ω’ are considered as 10% and 2.4% respectively 
to get single resonance region. The firing angle limitation 
under resonance region is considered from 137o to 148o 
where TCSC should not be tuned. 

Fig. 7.1 shows the single TCSC reactance characteristics 
curve plotted in steps of 1o firing angle. Same reactance 
characteristics curve is plotted against number of firing 
points (0 – 91) is shown in Fig. 7.2 to make an easy 
comparison with split TCSC results. 

At 90o of firing angle, 1.74% of inductive reactance is 
possible and -10% of capacitive reactance is at 180o. Less 
than those values, reactance compensations are not 
possible in single TCSC. The change in reactance ∆X 
between 90o to 127o and 180o to 158o in steps of 1o are 
very small approximately from 0.0082% to 0.4479% 
respectively; therefore fine tuning of reactance 
compensation is possible. But in critical region i.e., 
nearer to resonance, change in reactance starts 
increasing and gives maximum difference ∆X of 
3.1782%; hence fine tuning is not possible. These 
difficulties can be override by implementing the split 
TCSC for same degree of compensation k. 

Split TCSC is designed so as to get: 

(a) Fine tuning of line reactance. 

(b) Wide range of compensation. 

In split TCSC, k1 and k2 are chosen between 1–5% and 9–
5% respectively to achieve same 10% degree of 
compensation k. Both the TCSC’s are tuned in steps of 1o 
of firing angle and ‘7444’ firing points are possible for 
considered resonance limitation. Fig.7.3 shows split 
TCSC reactance characteristic curve for k1 = 2% and k2 = 
8% of compensation with respect to number of firing 
points. The split TCSC reactance can vary from 18.66% 
to -24.83% for the same resonance region limitation as 
shown in Fig. 7.1.  

Minimum and maximum changes in reactance ∆X are 
3.5784×10e-9% and 0.3810% respectively. Table 7.1 
shows the minimum and maximum change in reactance 
∆X at various ratios of k1 and k2.  

Fig. 7.4 shows the percentage real power transfer on 19th 
transmission line with single TCSC installed in IEEE 14 
bus system. Real power transfer without TCSC in line no. 
19 (i.e., between bus numbers 12 and 13) is 1.6692 MW 
in base NRPFA. Installing single TCSC on optimally 
selected 19th line makes the transmission line flexible to 
transfer real power from 94.41% to 99.46% on inductive 
side and 103.2% to 108.13% on capacitive side; but 
tuning of power between 99.46% and 103.2% does not 
exist. 

Considering a split TCSC in place of single TCSC for the 
same degree of compensation (10%) makes the 
transmission line more flexible and alters power flow in 
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wide range. Table 5.2 shows Max. ∆P for IEEE 30 bus 
system using split TCSC are 0.13% which is very small 
compared to single TCSC results. It is observed, the split 
TCSC fine tunes the transmission line reactance for 
power flow control. The power loss in 19th transmission 
line is 0.0009 MVA under base NRPFA. With TCSC, losses 

increased from 100.9% to 108.9% in inductive mode and 
are decreased from 84.55% to 94.32% in capacitive 
mode. Fig. 7.6 shows the power loss curve by providing 
single TCSC. Implementing split TCSC makes the 
transmission line power loss to vary at fine rate  

including portion 94.32–100.9% as shown in Fig. 5.7 
which is not possible through single TCSC shown as 
highlighted portion in Figs. 7.2, 7.4 and 7.6. Thus fine 
variation in power loss, transfers the power at any fine 
increment/decrement of dynamic load. 

Table 7.1 shows minimum and maximum change in TCSC 
reactance (∆X), minimum and maximum change in real 
power (∆P), minimum and maximum change in apparent 
power loss (∆SL) for various values of k1 and k2 so as to 
get same 10% of compensation. Amongst all ratios, 2:8 
shows best result in fine tuning of line reactance. 

Because of same range of compensation k = 10% and ω = 
2.4, same range of power flow is observed in split TCSC 
as in single TCSC. Merely, split TCSC fine tunes the line 
power flows. Power flows in all transmission lines are 
within permissible limits. Fig. 5.8 shows the percentage 
line loading of each transmission line for single/split 
TCSC at both extreme compensation levels (18.66% and 
-24.83%). The transmission line number ‘10’ has 
maximum power flow of about 67% line load at extreme 
capacitive compensation of single/split TCSC (-24.83%). 

The TCSC device injects inductive/capacitive voltage in 
series with the transmission line to maintain the voltage 
stability at light/heavy load condition. The voltage 

stability is analyzed for the cases of IEEE 14 bus system 
without TCSC, with single TCSC and split TCSC. It is 
verified from Fig. 5.9 voltage profile at buses 12 and 13 
are within permissible limits ±5% on both inductive and 
capacitive mode operations 

7.3 ATC Calculation 

The Available Transfer Capability (ATC) are 
computed for a set of source/sink transfers using 
Continuous Power Flow (CPF). Table 5.3 shows the ATCs 
for IEEE 14-bus system without TCSC device and with 
TCSC at both extreme compensation levels (18.66% and 
-24.83%). The condition of failure is indicated along with 
the % change in the ATC after TCSC placement at 19th 
line. It has been observed that there is a decrease of the 
ATC when TCSC with the extreme compensation level 
18.66% compared with the base case and % change is 
indicated in negative values whereas it has been 
observed that there is an increase of the ATC when TCSC 
with extreme compensation level -24.83% compared 
with based and indicated in positive. It has been 
observed that increase/decrease of the ATC based on the 
compensation capacitive/inductive mode.   

 

 

7.4 Case Study on IEEE 14 bus system 

 

 
 

Fig-7.1: Single TCSC reactance characteristic curve in percentage for IEEE 14-bus system 
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Fig-7.2: Single TCSC reactance characteristic curve plotted with no. of firing steps for IEEE 14-bus system 

 

                                   Fig-7.3: Split TCSC reactance characteristic curve in percentage for IEEE 14-bus system 
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Fig-7.4: Power loss variation in line 19 with single TCSC for IEEE 14-bus system 

 

 

 

Fig-7.5: Power loss variation in line 19 with split TCSC for IEEE 14-bus system 
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Fig-7.6: Power loss variation in line 19 with single TCSC for IEEE 14-bus system 

 

Fig-7.7: Power loss variation in line 19 with split TCSC for IEEE 14-bus system

Table 7.1 Minimum and maximum ∆X, ∆P and ∆SL for IEEE 14-bus system 

Table 7.2 Test results of IEEE 14 bus system 

Type 

Degree of 

compensation 

(%) 

18.66 < %X < -24.83 94.41 < %P < 108.13 84.55 < %SL < 108.86 

%∆Xmin %∆Xmax %∆Pmin %∆Pmax %∆SLmin %∆SLmax 

Single 

TCSC 
10 0.0090 3.1782 0.0029 1.0804 0.0054 1.5650 

Split 

TCSC 

1:9 6.1651e-08 0.3932 1.8956e-08 0.1342 3.1426e-08 0.2766 

2:8 3.5785e-09 0.3810 1.0990e-09 0.1305 2.9234e-09 0.2710 

3:7 2.8428e-07 0.2285 8.5297e-08 0.0706 1.3740e-07 0.1397 

4:6 1.6407e-07 0.3533 5.1615e-08 0.1166 8.6969e-08 0.2423 

5:5 0 0.3083 0 0.0900 0 0.1799 
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Table 7.3 ATC calculation without and with TCSC extreme compensation levels for IEEE 14-bus system 

 

8. CONCLUSIONS 

This chapter includes the benefits of split TCSC 
over single TCSC for fine tuning of the line reactance to 
manage the smooth power flow between lines. This 
paper explains the incapability of single TCSC at critical 
region of TCSC characteristic curve and showed the 
advantage of placing split TCSC over single TCSC for fine 
tuning of the line reactance. By using split TCSC over 
single TCSC following advantages are below:  

 
1.  Fine tuning of line reactance (which is in micro 

ohms) based on the loss sensitivity method 
provides fine control of power flow in the 
transmission line of IEEE power system. 

2.  A continuous tuning of line reactance is possible 
from 18.66% to -24.83% i.e., including portion 
1.74% to -10% which is not available in single 
TCSC. Thus wide range of compensation is 
offered by split TCSC. 

3.  By various combinations of tuning the split TCSC 
in steps of firing angle 1o, 7444 firing points are 
possible excluding resonance limits 137–148o, 
as compared to single TCSC where only 83 
points are available. 

     4.  ATC of the system is analyzed for the extreme 
compensation levels and also compared the 
results with base case by changing the load and 
generation of 0.001 MW. 

Power flow analysis with split TCSC is calculated for 
various ratios of degree of compensation. Ratio 2:8 
showed good results of fine reactance compensation 
among all. 

While simulating NRPFA with single/split TCSC device, 
all solutions are converged in two iterations with an 
accuracy of 0.01 for all possible firing angles. 
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